Upper extremity function, which includes manual dexterity, plays an important role in one's ability to perform activities of daily living. Dexterity may be reduced for a variety of reasons such as age, injury or disease. Understanding the capabilities of these users is critical to the effective design of products to meet their needs. While normative dexterity data is available for healthy adults, none has been compiled for people with dexterity limitations. The purpose of this study was to measure grip strength, key pinch strength and tip pinch strength in users with limited dexterity and compare them to adult norms. Average strength values were lower in all tests in men and women. It was observed that the dominant hand was strongest in each test in women but not always in men. No strong correlation between age and hand strength was observed. The sample size in this study was small so specific results are hard to generalize. The emergences of clear trends that differ from healthy norms indicate that a wider study may be fruitful.
Introduction
Upper extremity (UE) function plays an important role in one's ability to perform activities of daily living (ADL) [1] . UE function may become reduced for a variety of reasons such as age, injury or disease. Accurate measurement of UE function is important in evaluating the effectiveness of surgical procedures or rehabilitation strategies. UE function includes motor coordination, manual dexterity, muscle strength and sensibility [2] .
Manual dexterity has been defined as the ability to combine precision and speed with coordinated movements of the arm, hand, and fingers [2] . A tool commonly used for testing manual dexterity is the nine hole peg test (NHPT). The NHPT [3] is a timed test of finger dexterity and fine motor coordination. It is commonly used by occupational therapists as a quick assessment of finger dexterity [4] .
Grip and pinch strength are considered to provide an objective measurement of UE integrity [5] . Grip strength is typically measured with a dynamometer where the base rests against the heel of the palm and the handle on the middle of the four fingers. The user then squeezes with maximum effort which is measured by the device. Pinch strength can be measured in a number of ways. One is a 'tip pinch' in which the user pinches using the tip of the thumb to the tip of the index finger. Another is the 'key pinch' where the thumb pad is pressed to the lateral aspect of the middle phalanx of the index finger [3] . Strength is measured by the user executing the pinches on a pinch meter.
Understanding a group's physical capabilities can be important outside of purely clinical settings. It can be especially useful to designers and innovators of assistive devices. Users of assistive devices represent a continuum of abilities [6] , from those with slight to moderate disabilities who may have more general needs to those with more severe disabilities who may have very unique and specific needs. An assistive device may therefore function well for one group of users but poorly for another group. This continuum can be a challenge for a company as it often results in small, niche markets for such devices [7, 8] . This is also a challenge for designers because they draw upon their own experiences and knowledge while investigating potential solutions to a design problem [9] . Designers are trained to imagine themselves in the shoes of the user [10] . But since most designers do not themselves suffer from physical limitations, it is much more difficult for a designer to imagine themselves in the shoes of a user that has lost some basic ability to interact with the world that the designer can take for granted. Even if the designer has a physical limitation, unless it is of the same type and severity as the target users, the designer may not have much relevant personal experience to draw upon.
Normative values for various physical abilities can be important resources in helping designers understand the capabilities of target end user. A number of studies have investigated values for grip, pinch and other measures of UE function. Many have focused on establishing and verifying normative values for healthy adults. Others have studied specific populations, such as children [11] or loss of dexterity following a stroke [12] . There have been no studies comparing UE function of people with limited dexterity (regardless of cause) to healthy norms. This study therefore compares the performance in grip strength, key pinch strength and tip pinch strength in people who self identify as having a dexterity limitation to identify potential similarities and differences to established norms.
Method
The data was collected as part of a study to investigate the effect that different types of input, when provided during the course of designing a new product, have on an end user's opinion of the usability of the finished prototype. Twenty people with limited dexterity were recruited to evaluate the products in the study. Limited dexterity was defined as reduced ability in grasping, holding, squeezing or fine finger manipulation. Participants were recruited primarily from the CATEA Consumer Network (CCN) [13] via email invitation. The CCN is a network of older adults and people with disabilities whose members test new prototypes, products and services in order to improve them through focus groups, field-testing and surveys (http://www.catea.gatech.edu/ccn/ccn.php). Invitations to participate were also sent to other seinor and disability specific organizations in the Atlanta, Georgia area via email and printed flier. Potential participants were eligible to participate if they:
were aged 18 years or older had a dexterity limitation (defined as reduced ability in grasping, holding, squeezing or fine finger manipulation) were in the Atlanta area in order to participate did not have a sensory limitation (i.e. hearing or vision) Each participant was pre-screened using the DASH survey: Disabilities of the Arm, Shoulder and Hand [14] . The DASH was developed by the Institute for Work and Health and American Academy of Orthopedic Surgeons to provide a quick, self administered measure of symptoms and functional status [15] . It is a 30 item survey that asks the taker to rate their ability to perform various activities of daily living. Scores on the DASH can range from 0-100 where 0 means a person has no difficulties in performing any of the tasks and 100 means that a person is unable to perform any of the tasks at all. The scores on the DASH were used to help ensure that participants represented a wide range of functional abilities. Users were excluded from the study if they scored higher than 75 on the DASH as they would likely be too severely limited to successfully perform the product evaluations which were the main focus of the study. The DASH scores of the selected users ranged from 5 to 66.7 (mean=44.3, sd=17). Each participant was asked to identify their dominant hand during recruitment.
Before evaluating products in the study, a measurements were taken of each participants grip strength, key pinch strength, tip pinch strength and performance on the nine hole peg test (NHPT). Three measurements of the grip, key pinch and tip pinch strength were taken of each hand. The subject was encouraged to make a maximum effort on for each test. The three values for each hand were averaged. Each measurement was taken from a standard position which was demonstrated to each participant before beginning ( Figure 1 ). Grip strength has been measured using various arm positions, with the arm straight or with the elbow bent at various angles, in previous studies. In this study, grip strength was measured with the participant seated with the arm resting on a surface and bent at a 90 degree angle. This position was chosen as it has been shown to provide highly repeatable measurements [16] . A Jamar dynamometer was used as it has been shown to give the most accurate measurement of grip strength [3] . For the tip pinch measurement, user was instructed to squeeze the pinch meter using the tip of the thumb and tip of the index finger (Figure 1 ). For the key pinch measurement, the user was instructed to squeeze the pinch meter as if holding a key (Figure 1 ). The proper method for the tip and key pinch were demonstrated before beginning the test. The pinch meter was supported by the test administrator for the tip and key pinch, though this is not shown in the figure. The NHPT was performed twice by each participant: once with the left and once with the right hand. The NHPT apparatus used in this study was a home made. It consisted of 9 wooden dowels each 9mm in diameter and 32 mm long. The wooden base had 9 holes each 10mm in diameter and 15mm deep. The holes were spaced 15mm apart with three rows of holes. The container for the pegs was 100mm square with sides 100mm deep. The test itself was executed by the removing one peg at a time from the container and placing it in the holes on the wooden base using only the hand being tested. The pegs were placed from left to right starting from the top row and moving down. Once all nine pegs were placed, the pegs could be removed in any order and placed back in the container. The time to perform the test was measured from when the first peg was picked up to the time when the last peg was returned to the container. Each participant was given these instructions and allowed to practice once before beginning the test.
Results
All of the data analysis for this study was performed in R (R Development Core Team, 2010). Of the twenty participants, two of the female participants were unable to perform any of the strength of dexterity tests and were not included in the analysis. Of those remaining, 7 were male and 11 were female.
The averages for men and women's performance for grip strength, key pinch strength, tip pinch strength and NHPT for the right and left hands are shown in Table 1 along with the statistics for age and DASH survey scores. In general the performance between right and left hands was similar with a few exceptions. On average, male and female subjects performed the NHPT more quickly with the left hand than the right. Female subjects on average showed greater strength left handed on the grip strength test. Comparing men to women, on average men were stronger than women on the strength based tests. On the NHPT on average females performed the test more than twice as males with both left and right hands. Tables 2 and 3 show the average performance for male and female subjects based on hand dominance for right and left hands for each test. For males, the performance of the right compared to the left hands on grip, key and pinch tests were very similar regardless of hand dominance. For example, right hand dominant males averaged 75.9 pounds and 71.2 pounds of force with their right and left hands respectively. The average strength of for left hand dominant males was much lower. This difference was due to the fact that one of the two left hand dominant the male subjects had very low averages on the strength tests. For female subjects, the dominant hand often performed as well or better than the non-dominant hand. This can be seen in higher strength scores for the dominant hand and in lower times needed to perform the NHPT. Tables 4 and 5 show the Spearman correlation coefficients between the different variables collected in the study for males and females. Only the strongest correlations reached significance due to the small sample size. There is a strong correlation between the DASH and NHPT for both males and females. For females, strong correlations also appear between the dominant key pinch and the other two strength measurements (grip and tip pinch). 
Discussion
There were many causes of the dexterity limitations of participants in this study. They included broken arms, recovery from hand surgery, carpal tunnel syndrome, arthritis, and spinal cord injury (SCI). The dexterity level of participants also covered a wide range from very mild to severe. There can certainly be attributes that are common to particular types of disabilities. People with limited dexterity due to an SCI may have some common needs that are distinct from people who have arthritis. Understanding these attributes could be important if developing a product for a specific sub-group. From the point of view of a product designer developing a product intended to be used universally by anyone with limited dexterity, the cause of the dexterity limitation may not be as important as the fact that the limitation exists.
Despite the small sample, there are indications that it may be useful to look at dexterity limitation regardless of its cause. A number of comparisons can be made with the normative grip, key pinch and tip pinch strength data gathered by Mathiowetz [3] . Normally, men register higher values for grip, key pinch and tip pinch strength than women. In this study, men were also stronger on average than women in all three tests. The average strength values recorded on the tests for both men and women were lower than normative values. For example, normal right handed grip value for a male would be approximately 104 pounds though was only observed to be 70.2 in this study. These relationships might be guessed: although people may be weaker on average due to limited dexterity, men are still generally stronger.
In the normative data compiled by Mathiowetz, the average strength of the right and left hands in each test were nearly identical for both men and women, although the right hand average was almost always slightly stronger. This trend was observed in men for the grip and tip pinch tests, but the left hand was slightly stronger than the right in the key pinch test. The trend was opposite for the women in this study, the average strength of the left hand was higher than the right hand ( Table 1 ). The reason behind this difference becomes more apparent when the data is split based on hand dominance. According to normative values, the right hand is typically stronger in both men and women regardless of hand dominance. For women in this study, the strongest hand in each test matched the dominant hand. This could indicate that in the females with limited dexterity, hand dominance is a more important factor in determining hand strength.
Another interesting result was the average times on the NHPT. Both men and women in this study performed the test more quickly with the left hand than with the right. Further, on average the women were able to complete the NHPT more than twice as fast as men with both left and right hands. The dominant hand again appears to be an important factor. In right hand dominant subjects, the right and left hands performed similarly, though the left hand average was slightly better in men and the right hand average slightly better in women. In left hand dominant subjects, the left hand performed much better than the right hand in both men and women.
Mathiowetz, along with other previous studies, found a relationship between hand strength and age. Normally strength peaks between the ages of 25-39 years of age and gradually decreases afterward. This correlation does not appear to hold in people with limited dexterity. This might indicate that the nature of the limitation itself is a more important factor than age compared to someone with no limitation. However a correlation between age and strength may exist but is too weak to be significant given the small sample size in this study.
A strong correlation was observed between the DASH and NHPT. The correlation was less strong in women but still significant. Though they do not measure precisely the same things (the DASH being a self evaluation related to activities of daily living and the NHPT more specifically focused on fine finger manipulation), either would seem useful in gaining an approximate idea of the level of dexterity limitation. This can be especially useful in studies like this in recruiting users with specific levels of ability as the DASH can be remotely self administered. Such a strong correlation in men was somewhat surprising and again likely a result of the small sample.
There are some obvious limitations to this study. As mentioned several times, the size of the sample for this type of analysis was small. There were not enough data points for many of the weaker correlations to reach significance. Smaller numbers also mean that individual subjects can have a greater effect on averages. Care was taken during recruitment to select participants so that a wide range of dexterity levels were represented for both men and women. All participants were recruited locally on a volunteer basis, and as such are not necessarily representative of a broader population.
Conclusion
This study found both similarities and differences in grip, tip pinch and key pinch strength between people with dexterity limitations and normative values. Although a diverse range of ability level was included, the small convenience sample in this study makes it difficult to generalize any specific result. However, from a designer's perspective, there is an important outcome. When designing for dexterity limited users, one cannot assume that normal trends and relationships hold true only with reduced strength. It is important to know the target user group as well as possible and apply existing tools, such as normative strength data, with care. A wider study to determine if the same or other trends exist in the wider population of people with dexterity limitations may be fruitful and help equip designers to more effectively meet users' needs.
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